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There are many ways in which an enzyme's activity can be regulated. Mammalian CCO activity can be controlled through allosteric regulation [by small molecules such as ATP and ADP (e.g., 2, 40) and thyroid hormone (3)], phosphorylation (e.g., 4, 53) and through transcriptional or translational regulation (e.g., 22, 59) . In addition, the CCO enzyme complex is tightly bound to the phospholipid cardiolipin (CL), and the removal of CL from the lipid milieu surrounding the protein results in loss of enzyme structure and function (45, 49) . All of these mechanisms, either acting individually or concomitantly, may be involved in regulating CCO activity during metabolic depression. A few studies have looked at transcriptional and translational regulation in metabolically depressed organisms (52, 55) ; however, those that looked specifically at CCO regulation are limited. In Artemia franciscana, mRNA levels for subunit I of the CCO enzyme complex remain unchanged during quiescence, which suggests the observed reduction in cytochrome aa 3 (representing complex IV) is not caused by message limitation but is likely controlled at the translational level (29, 44) . Reynolds and Hand (44) suggest the stabilization of mRNA may be necessary to ensure recovery from the dormant period, as resynthesis of the mRNA pool would be extremely costly. However, studies on the hibernating ground squirrel (Spermophilus tridecemlineatus) revealed that the gene expression of several subunits (II, III, VIb, and VIII) of the CCO enzyme complex are reduced (9) , while subunit I is elevated and subunit IV remains unchanged (30) , indicating individual subunits are regulated independently, and speciesspecific differences exist. Whether African lungfish regulate CCO activity via transcriptional and/or translational regulation during estivation is unknown.
CL is an acidic phospholipid located primarily within the inner mitochondrial membrane and is strongly associated with the CCO enzyme complex. Removal of all of the phospholipids associated with CCO resulted in a 45-50% decrease in electron transport activity, an effect that can be reversed (90 -98% recovery) with the addition of exogenous CL (49) . The addition of either phosphatidylcholine (PC) or phosphatidylethanolamine (PE) does not generate a similar recovery, and this signifies the importance of CL in CCO function. An organism could, therefore, potentially regulate CCO activity by modification of the amount of CL within the mitochondrial membrane. Estivating snails (Cepaea nemoralis) have ϳ35% less CL and ϳ84% lower CCO activity in isolated hepatopancreas mitochondrial membranes compared with active snails (56) , eliciting the questions: is reduced mitochondrial CL content a common phenomenon in metabolically depressed organisms and could this be an important mechanism used to lower mitochondrial respiratory chain activity? African lungfish are ideal models to study alterations to membrane lipids during metabolic depression as temperature, which is known to effect membrane composition (28) , is not reduced, as in the case during hibernation.
This study investigates several possible mechanisms that may be involved in the depression of CCO activity during estivation in P. dolloi. The potential for transcriptional regulation of both mitochondrial (CCO I, II, and III) and nuclear (CCO IV) encoded protein subunits of the enzyme complex and translational regulation of the largest mitochondrial encoded catalytic subunit (CCO I) were examined through realtime PCR and Western blot analysis in the liver tissue. In addition, modulations in the proportions of different phospholipid head groups in the liver mitochondrial membrane were monitored. We report that a reduction in the amount of CCO subunit I protein expression and a decrease in the CL content of the liver mitochondrial membrane are two factors that likely contribute to the loss of CCO activity during estivation. We also propose that the depletion of CL within the mitochondrial membrane may be a widespread phenomenon used by organisms undergoing metabolic depression, with the purpose of suppressing CCO activity.
METHODS
Animals and experimental setup. African lungfish (P. dolloi) were purchased from a fish supplier in Singapore and shipped to the University of Guelph Hagen Aqualab. Fish were kept in fresh water at 25°C under a 12:12-h light-dark artificial photoperiod and fed trout chow pellets (Martin Feeds, Elmira, Ontario, Canada) to satiation, every second day, for ϳ4 mo before the commencement of the experiment. These experiments complied with the Principles of Animal Care (publication No. 86 -23, revised 1985, National Institutes of Health, Bethesda, MD) and were approved by the animal care committee at the University of Guelph and followed Canadian Council on Animal Care guidelines.
P. dolloi (55.8 Ϯ 5.2 g) were divided into five treatment groups [n ϭ 8 for each, except for control (see below)]: 1) control (held in water and fed to satiation every second day), 2) fasted [held in water but without food for the duration of the experiment (60 days)], 3) estivated (see description below), 4) onset of estivation (treated as the estivated group but killed 4 days following removal from water, before a complete cocoon had been secreted), and 5) arousal (after 60 days of estivation, fish were returned to water and allowed to recover for 3 days before being killed). Two control groups were used; one was killed at the same time as the onset of estivation groups, while the other was killed at the end of the 60-day estivation period (n ϭ 4 for each). Fish were killed by a rapid blow to the head, and tissue was quickly excised and either frozen in liquid nitrogen or used immediately (e.g., for mitochondrial isolation). No significant differences were found between the two control groups in any of the parameters considered in this study; therefore, the data were pooled. There were no significant differences in fish weight between experimental groups (P ϭ 0.27). Estivation was induced using the method described by Delaney et al. (14) . Briefly, fish were placed in a muslin sack in the position in which they naturally estivate in a mud burrow (vertically with their head upward wrapped under their tail). The sack was suspended in a container filled with water, and the water level was lowered ϳ1 cm per day until the sac was completely dry (5-7 days). As these lungfish live in the complete absence of water and form a complete cocoon (with a breathing hole), we consider them to be fully estivated. This research was approved by the animal care committee at the University of Guelph and followed the Canadian Council on Animal Care guidelines.
Mitochondrial isolation and CCO activity. Liver mitochondria were isolated from fresh tissue using the method described in Frick et al. (19) . CCO (E.C.1.9.3.1.) activity was determined in isolated mitochondria using a Cary 50 Bio spectrophotometer (Varian, Palo Alto, CA), equipped with a temperature-controlled cell changer and maintained at 25.0 Ϯ 0.1°C with a thermostatted water chiller. Enzyme reaction rates were determined by the change in absorbance of reduced to oxidized cytochrome c at 550 nm (millimolar extinction coefficient ε 550 ϭ 28). Enzyme activities are expressed in mol · min Ϫ1 · mg protein Ϫ1 . Assays were performed in triplicate, and conditions were as follows: 50 mmol/l imidazole buffer, pH 7.4, at 25°C, 50 mol/l cytochrome c (reduced) (omitted for control) (6) .
Determination of CCO subunit I protein expression. Isolated liver mitochondria were diluted in homogenization buffer (250 mmol/l sucrose, 10 mmol/l Tris · HCl, 2 mmol/l EDTA, pH 7.4). Samples were heated to 42°C for 30 min in sample buffer [1:1:3 ratio of solutions A (20% SDS), B (8 mol urea), and C (8 mmol/l Tris-base; 1% SDS, with a pinch of bromophenol blue); pH 6.8] with 2-␤-mercaptoethanol (99:1 ratio of sample buffer to 2-␤-mercaptoethanol). Equal amounts of protein were added to each lane of a 10% acrylamide/bis gel. Following gel electrophoresis, protein was transferred to a polyvinylidene fluoride membrane. Membranes were blocked with 5% dry nonfat milk in PBS (140 mmol/l NaCl; 2.7 mmol/l KCl; 9.8 mmol/l Na2HPO4; 1.8 mmol/l KH2PO4) for 2 h and probed with anti-CCO I [Molecular Probes A6403 (1:1,000)] over night in PBS-Tween (0.1%) with 1% dry nonfat milk, at 4°C. [Note: this antibody was previously shown to react positively with Oncorhynchus mykiss (36) and produced a single band of the appropriate size when used with P. dolloi.] Blots were washed 3 times for 10 min each in PBS-Tween and then incubated for 1 h with goat anti-mouse IgG horseradish peroxidase-conjugated secondary antibody (ImmunoPure) (1:1,000) in PBS-Tween with 0.5% dry nonfat milk. Blots were washed 3 times for 10 min each in PBS-Tween and chemiluminescent reagents: a 1:1 ratio of solution A [SuperSignal West Pico Luminol Enhancer solution (#1859675; Pierce, Rockford, IL)] and B [SuperSignal West Pico Stable peroxide solution (#1859674; Pierce)] were used for signal detection. The imaging software program ImageJ was used to measure the band density. For each blot, a "control" sample was included so that the densities of bands could be normalized to this sample, therefore allowing comparisons to be made between blots.
Determination of CCO subunits I, II, III, and IV mRNA expression. TriPure Isolation Reagent (Boehringer Mannheim) was used to extract total RNA from liver and kidney samples following the guanidine thiocyanate method (12) . Isolated total RNA was quantified spectrophotometrically and RNA integrity was checked by running 2 g on an agarose gel (1%). RNA was stored at Ϫ80°C.
First-strand cDNA was synthesized from 2 g of total RNA using oligo(dT15) primer and RevertAid H Minus M-MuLV reverse tran-scriptase following the manufacturer's instructions (MBI Fermentas). Forward and reverse primers for the mitochondrial encoded subunits of CCO (I, II, and III) were designed based on the known mitochondrial genome sequence (accession no. NC001708) for P. dolloi. Partial sequences for the nuclear encoded subunit (CCO IV) and the control gene [elongation factor 1␣ (EF1␣)] were obtained using primers determined from conserved regions from other species. Conserved regions for CCO IV were determined from Danio rerio (accession no. BI706972), Mus musculus (accession no. BC132269), and Rattus norvegicus (accession no. NM017202), and for EF1␣ from Danio rerio (accession no. NM131263.1), Cyprinus carpio (accession no. AF485331.1), Pagrus major (accession no. AY190693.1), and Dicentrarchus labrax (accession no. AJ866727.1).
Primers were designed using the GeneTool Lite software (www. biotool.com) and are presented in Table 1 . PCRs were carried out using Taq DNA polymerase (MBI Fermentas, Burlington, Ontario, Canada) and isolated cDNA from the above tissues. Each PCR consisted of 40 cycles: 1/min at 94°C, 1/min at the specified primer temperature, and 2/min at 72°C. PCR products were electrophoresed on 1% agarose gels containing ethidium bromide, and bands of appropriate size were extracted from the gels using QIAquick gel extraction kit (Qiagen, Mississauga, ON, Canada). The extracted PCR product from each tissue was cloned into a Tvector (pGEM-T easy; Promega; Fisher Scientific, Nepean, ON, Canada), transformed into heat shock competent Escherichia coli (strain JM109; Promega, Fisher Scientific, Nepean, ON, Canada). Standard blue/white screening on Luriabroth (LB) agar plates, containing 50 mg/ml ampicillin and 160 mg/ml X-Gal, identified colonies containing the ligated PCR product. Positive colonies were selected and grown overnight in LB. Plasmids were then harvested from liquid culture using GenElute and sequenced. Comparisons with published sequences in GenBank were made with the BLAST algorithm (1), and multiple alignments were produced with ClustalW (60). Partial cDNA sequences for CCO IV, and EF1␣ in P. dollio were used (along with the sequences attained for CCO I, II, and III) to design specific primers for real-time RT-PCR. cDNA was stored at Ϫ80°C until RT-PCR amplification.
Quantitative RT-PCR was performed on an ABI Prism 7000 sequence detection analysis system (Applied Biosystems, Foster City, CA). PCR reactions contained 1 l of cDNA, 150 pmol of each primer and Universal SYBR Green master mix (Applied Biosystems). Primers were designed for each gene using PrimerExpress software (version 2.0.0; Applied Biosystems) are presented in Table 1 . RT-PCR reaction conditions were as follows: 2 min at 50°C, 10 min at 95°C, followed by 40 cycles of 95°C for 15 s, and 60°C for 1 min. A standard curve (ranging from 1 l to 1 l of a 625ϫ dilution) (Applied Biosystems) was used to examine the efficiency of target and reference amplification by comparing the average threshold value for each gene at different cDNA amounts. Samples were assayed in triplicate, and only one target was assayed per well. The presence of a single product was confirmed for each sample through a melt curve analysis. In addition, negative control reactions were performed with original total RNA (non-reverse-transcribed RNA) from several representative samples for all six genes, and "water-only" controls to ensure no genomic DNA was being amplified and that reagents were not contaminated.
Relative quantities of each target gene were determined using the comparative C T method (Applied Biosystems). Traditionally, to account for differences in cDNA loading and RNA reverse transcriptase efficiency, each sample is normalized to the expression level of a control gene. In this study, the expression levels of potential control genes (EF1␣ and ␤-actin) varied between treatment groups making conventional normalizing techniques inadequate. Thus, it was necessary to normalize the level of expression of the control gene (EF1␣ was selected) within each treatment group to that of an arbitrarily chosen "control" group, according to the formula used in Billiau et al. (5): Individual value within a group/(mean value within a group/mean value of "control" group)
Phospholipid analysis. Total lipids were extracted from liver mitochondrial preparations by the method of Bligh and Dyer (7) . Briefly, isolated liver mitochondria were diluted with water to a final concentration of 1 mg protein in 1 ml and added to 2:1 (v:v) methanol: chloroform (3.75 ml) and vortexed for 2 min. Chloroform (1.25 ml) was added and vortexed for 10 s followed by the addition of water (1.25 ml) and a 2-s vortex. Samples were then centrifuged at 2,000 g for 6 min, and the lower lipid-containing chloroform phase was removed and used in separation of phospholipids by thin-layer chromatography (TLC).
Phospholipids were separated by TLC following the method of Holub and Skeaff (32) . Briefly, lipid samples were dried under O 2-free N2 gas, resuspended in 25 l chloroform:methanol (2:1, v/v), and applied to the bottom of a silica-coated chromatography plate. The development chamber contained a solvent system of chloroform: methanol:acetic acid:double-distilled H 2O (50:39:3.5:2, vol/vol/vol/ vol). Using commercial phospholipid standards, we identified sphingomyelin (SM), PC, phosphatidylserine (PS), phosphatidylinositol (PI), PE, and CL bands were identified. Individual phospholipid bands were scraped from the chromatography plate into glass tubes containing 6% H 2SO4 in methanol and heptadecanoic acid (17:0, 1 g/l), as an internal standard. Samples were heated to 80°C (2 h), cooled, and 2 ml of petroleum ether was added. Following a 60-s vortex, 1 ml of double-distilled H 2O was added, with an additional 30-s vortex. Tubes were then centrifuged at 2,000 g for 6 min, and the upper petroleum ether phase containing the fatty acid methyl esters (FAMEs) was collected, dried under O 2-free N2 gas, redissolved in 25 l of carbon disulfide (CS2), and separated by gas chromatography (GC).
The upper petroleum ether phase containing CS2 samples (2 l) were injected into a GC (Agilent Technologies, 6890N), fitted with a flame ionization detector and automatic injector (Agilent Technologies, 7683). FAMEs were eluted on a DB 23 narrowbore fused silica column (30 m ϫ 0.32 mm, 0.25 m film) (Chromatographic Specialties Brockville, ON, Canada) with helium as the carrier gas, and nitrogen gas at a flow rate of 30 ml/min. Initial temperature was 50°C for 2 min, increased from 50°C to 180°C by 10°C/min, held at 180°C for 5 min, then increased from 180°C to 240°C by 5°C/min. Absolute amounts of FAMEs were determined by comparison with a known concentration of the internal standard (17:0), added to the samples before the methylation process. Phospholipid content of the mitochondrial membranes were calculated based on total FAME concentration (per mol) assuming a 1:1 fatty acid: phospholipid ratio for SM, a 2:1 fatty acid:phospholipid ratio for PC, PS, PI, and PE, and a 4:1 fatty acid:phospholipid ratio for CL. Determination of protein concentration. The water-soluble protein concentrations of the isolated mitochondrial fractions were determined using the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA), with BSA used as a reference.
Chemicals. All chemicals were purchased from Sigma Chemical (Sigma-Aldrich Canada, Oakville, ON, Canada), with the exception of BSA (purchased from Bioshop, Burlington, ON, Canada) and the Bio-Rad protein assay kit (purchased from Bio-Rad, Mississauga, ON, Canada).
Statistical analysis. Single-factor analyses of variance (ANOVAs) with Tukey's test were used to determine differences in the activity of CCO, the amount of each phospholipid (SM, PC, PS, PI, PE, and CL) present within the liver mitochondrial membranes, the relative amount of mRNA present for subunits I, II, III, and IV of the CCO enzyme complex in the liver and kidney tissues and the relative amount of CCO I protein expression in isolated liver mitochondria between treatment groups (control, fasted, estivated, onset of estivation, and arousal). Data were arcsin-transformed before analysis when required. Assumptions for normality were verified by generating appropriate residual plots. Potential correlations between CCO activity and the amount of individual phospholipids within the mitochondrial membrane, between CCO activity and CCO I protein expression and between CL content and CCO I protein expression were evaluated by calculating the Pearson correlation coefficient. P values Ͻ 0.05 were considered statistically significant.
RESULTS
Mitochondrial CCO activity. The activity of CCO within isolated liver mitochondria differed significantly between treatment groups (P Ͻ 0.001) (Fig. 1) . During estivation, the activity of CCO was significantly depressed compared with the control, onset, and arousal groups, by 67, 72, and 76%, respectively. CCO activity in fasted fish was not significantly lower compared with controls, but it was depressed compared with the onset of estivation and during the arousal phase (Fig. 1) .
CCO subunit I protein expression. CCO subunit I protein expression within the liver tissue differed significantly between treatment groups (P Ͻ 0.001) (Fig. 2, A and B) . Most notably, CCO subunit I protein expression within the estivated and arousal groups were depressed compared with both the control (by 46 and 38%, respectively) and onset (by 51 and 43%, respectively) conditions. Fig. 2A displays a representative Western blot showing the differences in intensity between the treatment groups. Compiling the data from all treatment groups revealed a significant correlation between the activity of CCO and CCO subunit I protein expression within isolated liver mitochondria (P ϭ 0.007; r 2 ϭ 0.19) (Fig. 3) . When regression analyses were performed for individual treatment groups, only the arousal group was found to display a significant correlation between CCO activity and CCO subunit I protein expression (P ϭ 0.028; r 2 ϭ 0.74) (Fig. 3) . CCO subunits I, II, III, and IV mRNA expression. Within the liver and kidney tissues of P. dolloi, mRNA levels were expressed relative to the control gene EF1␣. In the liver, mRNA expression of CCO subunits I and IV did not differ significantly between groups, while CCO II mRNA expression was significantly elevated in the onset group compared with the control and estivated groups (P ϭ 0.003) (Fig. 4A) . Expression levels of CCO subunit III mRNA were elevated in the onset group compared with the control and fasted groups, but they were reduced in the estivated fish compared with fish at the onset of estivation and during the arousal period (P Ͻ 0.001) (Fig. 4A) .
In the kidney tissue, CCO subunit I mRNA expression levels were significantly elevated in the onset group compared with the fasted, estivated, and arousal groups, and depressed in the estivated and arousal groups compared with the control (P Ͻ 0.001) (Fig. 4B) . CCO subunit II in the control and onset fish displayed higher levels of mRNA expression compared with the estivated and arousal groups (P Ͻ 0.001) (Fig. 4B) . CCO subunit III mRNA expression levels were depressed in estivating fish compared with the control, fasted, and onset groups, and in the arousal group compared with the control and onset conditions (P Ͻ 0.001) (Fig. 4B) . mRNA expression levels of CCO subunit IV were depressed compared with the control and onset (P ϭ 0.001) (Fig. 4B) .
Mitochondrial membrane phospholipid composition. Six bands were scraped and analyzed from TLC plates: SM, PC, PS, PI, PE, and CL. In mitochondrial membranes SM is only present in trace amounts and can be used to indicate contamination from endoplasmic reticulum, nuclear, lysosomal, and plasma membranes, where the proportional content of SM is much higher (13) The absolute amounts of PE and CL within isolated liver mitochondrial membranes were significantly elevated (by 36 and 42%, respectively, compared with control values) at the onset of estivation (P Ͻ 0.001 for both) (Fig. 5) . Following 60 days of estivation, the absolute amount of CL was significantly depressed (compared to the control, fasted, and onset conditions) by ϳ2.4 to 4-fold (P Ͻ 0.001) (Fig. 5) .
CCO activity correlates with membrane phospholipid composition. Compiling the data from all treatment groups revealed significant correlations between the activity of CCO and the amount of individual phospholipids within the liver mitochondrial membrane. Significant positive correlations were found between CCO activity and the amount of CL, both as a percentage of the total phospholipids (P ϭ 0.01; r 2 ϭ 0.75; data not shown) and as an absolute level (P ϭ 0.001; r 2 ϭ 0.32; Fig. 6A ) and the amount of PE, both as a percentage (P ϭ 0.006; r 2 ϭ 0.25; data not shown) and as an absolute level (P ϭ 0.001; r 2 ϭ 0.33; Fig. 6B ) present within the liver mitochondrial membrane. Significant negative correlations were found between CCO activity and the percentage of PC (P ϭ 0.004; r 2 ϭ 0.28) and PI (P ϭ 0.009; r 2 ϭ 0.33) (data not shown) within the liver mitochondrial membranes.
DISCUSSION
The results of this study suggest that a reduction of CCO subunit I protein expression, accompanied by modulations in the phospholipid composition of the liver mitochondrial membrane, act together to suppress the activity of the CCO and mitochondrial respiration, as previously observed (19) during estivation in P. dolloi. The lack of any decrease in the mRNA expression of any of the CCO subunits examined in the liver suggests CCO is not regulated at the transcriptional level; however, in kidney, message limitation may be a factor. The ϳ2.3-fold decrease in the amount of CL, along with the ϳ3-fold reduction in CCO activity, within the liver mitochon- Fig. 2 . A: representative Western blot of CCO subunit I protein expression in isolated liver mitochondria from African lungfish, P. dolloi, exposed to the five experimental treatment groups. B: relative levels of CCO subunit I protein expression (presented as the means Ϯ SE) in isolated liver mitochondria of African lungfish, P. dolloi (n ϭ 6 for arousal; n ϭ 7 for control and fasted; n ϭ 8 for onset and estivated groups).
a,b,c Values that do not share a common letter are significantly different (P Ͻ 0.05). Fig. 3 . A regression analysis between CCO activity and CCO subunit I protein expression (relative levels) in isolated liver mitochondria of African lungfish, P. dolloi. When data points from all groups were combined, a significant positive correlation was found (dashed line) (P ϭ 0.007; r 2 ϭ 0.19). When the individual treatment groups (control, fasted, onset, estivated, and arousal) were examined separately, a significant correlation was only found within the arousal group (solid line) (P ϭ 0.028; r 2 ϭ 0.74). drial membrane of estivating P. dolloi provides further support for the idea that CL depletion may be a common phenomenon in metabolically depressed organisms, with the purpose of suppressing CCO activity (56) . The general upregulation of mRNA expression of the mitochondrial-encoded subunits of CCO in the liver at the onset of estivation is a very interesting finding. The combined observations of increased mRNA expression and CL content, and a trend toward increased CCO activity, all support a general increase in the metabolism of the liver prior to entering estivation. An increase in metabolism may be necessary to deal with the physiological reorganization necessary for estivation to commence.
Regulation of CCO mRNA expression. The potential for transcriptional regulation of CCO subunits in estivating P. dolloi was found to be tissue specific. In kidney, CCO subunits I, II, III, and IV mRNA expression levels were greatly reduced during estivation; however, no changes were observed in the liver of P. dolloi. Our knowledge of transcriptional regulation of CCO during dormancy is limited to a few studies in mammals, in which tissue-specific responses have also been noted (15, 30) . CCO subunit I mRNA expression is upregulated in physiologically active tissues of hibernating ground squirrels [kidney, heart, and brown adipose tissue (BAT)] (S. tridecemlineatus) (30) , and CCO subunit II mRNA expression is elevated in BAT of the little brown bat (Myotis lucifugus) (15) , but no upregulation of expression occurs in the skeletal muscle of either species. This differs greatly from the response in estivating lungfish where CCO subunit I mRNA expression in the kidney is reduced by ϳ10-fold. This variation may be explained by the change in temperature associated with hibernation and/or by the difference between hibernation vs. a "true" metabolically depressed state (20) . Comparing the physiological responses of dormant mammals (where a change in temperature often occurs) to nonmammalian species should be approached with caution.
The mRNA expression levels of nuclear and mitochondrial encoded subunits of the respiratory chain were previously thought to be regulated in a highly coordinated manner. For example, mRNA expression of CCO subunits I and II (mitochondrial encoded), and CCO subunits IV and Vb (nuclear encoded) are coordinately downregulated in mammalian cells during hypoxia (65) . However, recent studies have indicated this is not necessarily the case. CCO subunit I mRNA expression is upregulated in the heart of hibernating ground squirrels (30) , while CCO subunits II, III, VIb, and VIII mRNA expression levels are reduced (9) . In lungfish, there were no notable differences in the mRNA expressions of CCO subunits I, II, III, and IV in the kidney, as all showed a trend toward reduced expression during estivation and the arousal period. In the liver, however, expression was generally elevated at the onset of estivation for the mitochondrial encoded genes only, suggesting the coordinated regulation of mitochondrial and nuclear encoded subunits may be tissue specific. It should be noted that although activity may be reduced, the CCO enzyme complex does not require all 13 subunits to function (11) . Another possible explanation for the uncoordinated regulation of mRNA expression of the mitochondrial and nuclear subunits may be that the protein turnover rates differ, with the mitochondrially encoded proteins degrading at a higher rate.
As previously mentioned, the increased mRNA expression of the mitochondrial CCO subunits in the liver at the onset of estivation was an unexpected observation. At the onset of estivation, lungfish likely experience extreme physiological stress, attempting to reorganize their physiology to survive Fig. 5 . The absolute amount of each phospholipid and the total amount of phospholipid present in isolated liver mitochondrial membranes from African lungfish, P. dolloi (presented as the means Ϯ SE) (n ϭ 8, except for fasted group where n ϭ 7).
a,b,c Values that do not share a common letter are significantly different (P Ͻ 0.05). Absence of a letter indicates no significant difference between treatment groups. PC, phosphatidylcholine; PS, phosphatidylserine; PI, phosphatidylinositol; PE, phosphatidylethanolamine; CL, cardiolipin. Fig. 6 . Correlation between mitochondrial membrane CL (A) and PE (B) and CCO activity in isolated liver mitochondria of P. dolloi. For CL, when data points from all groups were combined, a significant positive correlation was found (dashed line) (P ϭ 0.001; r 2 ϭ 0.32). When the individual treatment groups were examined separately, a significant correlation was only found within the onset (P ϭ 0.02; r 2 ϭ 0.70) and the arousal group (P Ͻ 0.001; r 2 ϭ 0.96) (solid lines). For PE, a significant positive correlation was found only when all of the data points were combined (P ϭ 0.001; r 2 ϭ 0.33).
estivation. The upregulation of mitochondrial genes has been observed in other species in response to stress (e.g., 21, 35) , when the reorganization of the organism's physiology is required. This extremely costly process would likely require additional ATP production via the mitochondrial respiratory chain, and the expression of the mitochondrial genome may be regulated according to the energy requirements of the cell. In P. dolloi, the increase in CCO subunit I mRNA expression was not accompanied by a significant increase in CCO subunit I protein expression; however, this may be due to a time lapse in the increase in protein expression. Regulation of CCO protein levels. CCO activity and CCO subunit I protein expression are positively correlated in the liver of P. dolloi (Fig. 3) . This is similar to what is seen in Artemia where quiescent animals have a ϳ3.1-fold reduction in the amount of cytochrome aa 3 and a ϳ2.1-fold decrease in CCO activity compared with postdiapausal animals (44) . However, alterations in the amount of the CCO enzyme complex present does not appear to be a factor in the enhanced CCO activity found in hyperthyroid rats (43) , or the reduced activity seen in aged rats (42) , as cytochrome aa 3 content is not altered from control animals in either study. These data suggest that the importance of translational regulation of CCO is dependent on the stressor, tissue, and/or species. It is interesting to note that CCO subunit I protein expression and CCO activity were only significantly correlated within the arousal group (Fig. 3) , suggesting factors other than the amount of protein expression are acting to modulate CCO activity during estivation (e.g., mitochondrial membrane phospholipid composition; see below).
Protein synthesis is a major energy-consuming process (39) and is accordingly, downregulated during metabolic depression. The extent of this downregulation has been well documented in many species under several environmental stressors, e.g., anoxic turtles (Trachemys scripta elegans) (18) , quiescent Artemia (31), and estivating snails (Helix aspersa) (41) . Hofmann and Hand (31) also measured mRNA expression levels and found no change, suggesting that it is not message limitation that causes a downregulation in the rate of protein synthesis but rather regulation at the translational level. In the current study, a similar scenario was found in the liver (but not the kidney) of estivating P. dolloi, where CCO subunit I protein expression was reduced with no change in CCO subunit I mRNA expression, suggesting regulation at the posttranscriptional level. An interesting observation from Fig. 3 is that similar levels of protein expression in the estivated and arousal groups correspond to very different levels of CCO activity, with estivating fish showing much lower activity. This strongly supports the idea that CCO is regulated by more than just the amount of enzyme present in P. dolloi.
Lipid membrane modulations and regulation of CCO. The inner mitochondrial membrane is highly enriched in the phospholipids PE and CL (61) . The physical properties of PE and CL are similar in that they both have a tendency toward the formation of nonbilayer, inverted hexagonal phase structures (64) . Nonbilayer lipids are associated with a number of active processes, including the integration of proteins into the membrane, the lateral movement of proteins within the membrane, the function and folding of membrane proteins, and the stimulation of the activity of some enzymes (see reviews in Refs. 33 and 62). Estivating snails (C. nemoralis) contain lower proportions of PE and CL in isolated hepatopancreas mitochondrial membranes and equal or greater proportions of more bilayer-stable phospholipids (PC, PS, and PI) compared with nonestivating animals, leading the authors to suggest that the processes favored by nonbilayer lipids are reduced during estivation (56, 57) . In lungfish, the significant reduction in mitochondrial membrane CL content during estivation may also suggest that a reduction in these processes has occurred, contributing to the reduction in metabolic rate. The positive correlations between both CL and PE and CCO activity (Fig. 6, A and B) add to the notion that these phospholipids are in some way linked to respiratory chain activity.
There are numerous ways in which CL can affect respiratory chain activity. CL is required for the formation of a supercomplex between complexes III (cytochrome c reductase) and IV of the respiratory chain in yeast cells, eliminating the need for diffusion of substrates and products between the two complexes (67) . It is also strongly associated with the CCO enzyme complex (37) . The relationship between respiratory chain activity and mitochondrial membrane CL content has been examined in numerous studies, mostly under in vitro conditions (45) , and there is mounting evidence that CCO activity is positively correlated with the amount of CL (e.g., 16, 38, 42, 43, 63) . In the present study, a direct correlation between CCO activity and CL content is displayed in vivo, strengthening the validity of this proposed relationship. Although this study did not look into how CL content may be modulated during estivation, a reduction in thyroid hormone and/or a pH change, both of which have been reported to occur during dormancy (e.g., 24, 25, 34) have been shown to alter the activity of CL synthase (47, 48) . Whether CL synthase activity is reduced during estivation remains to be seen.
Perspectives and Significance
Studies of lungfish provide important insights into the evolution of metabolism in the vertebrates at a transition point between an aquatic and a terrestrial existence. They are the most primitive vertebrates capable of estivation and thus facilitate an understanding of the mechanisms of metabolic depression during estivation. Our research indicates that the CCO enzyme complex is regulated through multiple mechanisms, with tissue-specific differences, in estivating P. dolloi. In the liver, it appears both protein expression and potentially the CL content of the mitochondrial membrane have a role in controlling CCO activity during estivation. Transcriptional regulation of CCO does not appear to be important in the liver, as mRNA expression levels do not change; however, in the kidney tissue, mRNA expression of subunits I, II, and III are all substantially reduced during estivation. This study has also revealed the different subunits of CCO are regulated independently, as some exhibited reduced levels of mRNA expression during estivation, while others were unaltered. P. dolloi that were fasted for the duration of the experiment displayed no differences from control animals, indicating the observed changes in CCO and membrane phospholipids in estivating fish were not due to food deprivation. This research provides additional support for the idea that reduced CL content of mitochondrial membranes may be a universal occurrence of metabolically depressed animals, with the function of lowering CCO activity and thus, metabolic rate.
